Silica gel is the most commonly used polar inorganic sorbent, due to its relative inertness, high mechanical and thermal stability, good adsorption or cation exchange capability, and ease of preparation of derivatives with different possible modifications of the surface with an impregnation medium or reagent. [1] [2] [3] Modification of the silica gel surface with donor atoms, such as S, N, O and P, is recently aimed at improving the adsorption and exchange properties of silica gel as well as the incorporation of particular selectivity character into the modified silica gel phases toward certain metal ions. 4 The immobilization of chelating compounds containing donor atoms on the silica gel surface can occur via chemical bond formation between the organic modifier and one or more amino-or chloromodified silica gel phases or through simple physical adsorption. 5 Several other newly modified silica gel phases were synthesized and applied as normal or selective solid phase extractors (SPE) for many toxic and other metal ions. They were superior to the conventional ion exchange resins in their ability to extract and selectively preconcentrate the heavy metal ions from solutions containing high concentration of alkali and alkaline earth ions. 6 Some advantages of the modified solid phase extractors compared with the classical liquid extractors were reported. [7] [8] [9] [10] Among these phases are chemically immobilized sulfur-containing compounds; their application for selective extraction and preconcentration of Hg(II), Pd(II), Pd(IV) and Ag(I) and other heavy metal ions from natural water samples has been reported. 4, 5, [11] [12] [13] [14] Examples of silica gelimmobilized oxygen-containing compounds and their application for selective extraction of Fe(III) 15, 16 and preconcentration of other metal ions were also reported.
Experimental

Chemicals and solutions
4-Aminoantipyrene was purchased from Fluka. HCl (32% by weight) was diluted and standardized to obtain a 5.16 × 10 -3 M solution adjusted to a constant ionic strength I = 0.1 (KCl); this solution was used as the calibration solution for the potentiometric measurements. The titrant used was a 0.100 M KOH obtained by dilution of a Merck titrisol ampoule. All other chemicals and solution preparation of metal ions were previously discussed. 5, 13, 21, 22 Doubly distilled water (DDW) was used throughout this work.
Instrumentation
The instrumentations and methods used for IR and AAS were previously reported. 5, 7 An Orion pH-meter Model 420A fitted with an Orion combined glass electrode was calibrated according to conventional methods 23 and used to measure the pH for its effect on the metal capacity values using the batch equilibrium technique. Instruments and techniques used for the potentiometric measurements were also reported. 22 
Synthesis of the modified silica gel phases ii and iii
The activation of silica gel phase i and the synthesis of silica gel-bound-3-chloro-propyl phase (SGBCP) and silica gelbound-3-aminopropyl phase (SGBAP) were previously reported. 5 The modified silica gel phases ii and iii were synthesized by mixing 10.0 g of either SGBCP or SGBAP with 20.0 mmol (4.06 g) of 4-aminoantipyrene in 200 ml of dry toluene. Each reaction mixture was allowed to reflux with stirring for 8 h; the product was then filtered, washed with toluene, ethanol and ether, and dried at 70˚C for 6 h. The structures of i -iii are shown in Scheme 1.
Determination of the surface coverage values
The surface coverage values (mmol g -1 ) were determined by three methods: (1) the thermal desorption method, 24 in which 100 mg of the dry silica gel phase was ignited in a muffle furnace for 1 h at 550˚C. The mass loss was used to calculate the surface coverage value of the organic modifier. ( 2) The metal probe testing method, 14 in which the surface coverage value was calculated on the basis of the highest adsorbed metal on the surface of the modified silica gel phase. (3) The potentiometric method, in which 0.1500 g of the solid phase was suspended in 40.0 ml aqueous acidic solution adjusted to I = 0.1 (KCl) and the stirred solution was titrated against standard 0.100 M KOH solution.
Determination of metal capacity and distribution coefficient values
The metal capacity values were determined by the batch equilibrium technique. 4, 15 50 ± 1 mg of each phase was added to a 1.0 ml 0.10 M metal ion solution and 9.0 ml of the selected acetate-based buffer solution to obtain two-phase mixtures in the pH range of 1.0 -6.7. The added metal ion is expected to force the maximum metal capacity with the modified phase. Each mixture was shaken by an automatic shaker for 30 min at room temperature, then filtered and washed with DDW. The unextracted metal ion was determined by AAS and/or complexometric titration. The same procedure was used for different shaking times (1, 5, 10, 20 and 30 min) to study this effect on the percentage extraction of some selected metal ions, such as Fe(III), Cu(II) and Zn(II).
The distribution coefficient values were determined by mixing 100 ± 1 mg of the silica gel phase and 50 ml of the metal ion solution (1.0 µg ml -1 ) in a 100 ml flask. The mixture was shaken for 4 h by an automatic shaker, filtered, washed with DDW and acidified with nitric acid. A standard solution for each metal ion was also prepared.
Percentage removal and preconcentration of some heavy metal ions from natural tap water samples
Two drinking tap water samples, one liter each, spiked with a mixture of Cd(II), Hg(II), Pb(II), Cu(II) and Zn(II), each ≈1.0 µg ml -1 , were prepared. A 500-mg volume of phase ii or phase iii was added to each sample. These mixtures were shaken by an automatic shaker for 1 h, then filtered; the unreacted metal ions were determined by AAS.
Preconcentration of low concentration levels of the heavy metal ions, Cd(II), Hg(II), Pb(II), Cu(II) and Zn(II) from natural tap water, was performed as follows: Two drinking tap water samples, one liter each, were spiked with 50 ng ml -1 of these ions; next 500 mg of the silica gel phase was added. The mixtures were shaken for 1 h, filtered and washed with DDW. The adsorbed metal ions were eluted by 10 ml of concentrated nitric acid and determined by AAS.
Potentiometric measurements
Calibration of the potentiometric titration system was carried out using the full curve calibration method, 25 later modified to calibrate in concentration scale (pH = -log[H + ]) including the Henderson's correction for the junction potential. 26 The experimental details were previously discussed. 21, 27 Because of the use of a combined glass electrode in this work, a further modification was made by considering the variable m in the junction potential term (Ej = 59.16 × log(1 + m[k]); k = H + or OH -) adjustable during the computation of the calibration parameters when the ionic strength of the solution was maintained constant at I = 0.1 (KCl).
The potentiometric titration of the solid silica gel immobilized 4-aminoantipyrene (phase ii) was performed by adding 0.1500 g of the solid phase directly to the titration cell containing 40.0 ml of 4.13 × 10 -3 or 1.00 × 10 -2 M HCl adjusted to I = 0.1 (KCl). The two-phase mixture was continuously stirred at constant speed using a magnetic stirrer. The resulting homogeneous suspension was titrated against 0.100 M KOH at 25.0˚C. The stability constants of the immobilized reactive site of phase ii with H(I) and its surface coverage in mmol g -1 were determined from four independent titration mixtures, while the stability constants and metal capacity of Cu(II) with the reactive site of Considering the suspension nature of the titration mixture, a longer time was necessary to obtain a constant potential reading after each KOH titrant addition.
This situation was automatically controlled through a special algorithm implemented in the TIT212 data acquisition and titration control software so that a variation over a given time interval tested through five potential readings of up to ±0.1 mV was allowed and considered stable.
Results and Discussion
Characterization of the surface modification of silica gel
Characterization of the surface modification of silica gel with the organic modifier can be accomplished by determining the surface coverage value (mmol g -1 ) and by the infrared spectroscopic method of analysis. The mmol g -1 values were determined by three different methods: the metal probe testing, the thermal desorption method and the potentiometric titration. These values are 0.300, 0.312 and 0.323 mmol g -1 , respectively for phase ii; for phase iii, the first two methods give the values of 0.220 and 0.250 mmol g -1 , respectively.
Comparison of the IR spectra of the active silica gel phase i with that of the 4-aminoantipyrene-immobilized phases ii and iii gives results that are consistent with the structure given in Scheme 1. Phase i is characterized by the presence of a strong absorption frequency in the range < 1400 cm -1 due to strong absorption of the silica gel matrix and another band at 3400 -3600 cm -1 corresponding to the silanol groups and adsorbed water molecules. 4 The IR spectra of phases ii and iii were characterized by weak peaks at 3030, 2890, 1620 cm -1 for the aromatic υC-H, aliphatic υC-H, υC=O and υC=N, respectively. 15 
Determination of the metal capacity values in different controlling factors
The main objective of the immobilization process of 4-aminoantipyrene on the surface of the silica gel is to incorporate some donor atoms selective toward certain metal ions in the modified silica gel phases. 7 Two major factors are important in the determination of the metal capacity value. These are the pH of the metal ion solution to be extracted by the modified silica gel phase and the shaking time or flow rate based on the implemented batch equilibrium technique or column method, respectively. Table 1 summarizes the metal capacity values expressed in mmol g -1 determined for silica gel phases i -iii. It is evident that low values of metal capacity were found for most of the metal ions studied in all buffer solutions in the case of active silica gel phase i. The reactivity of the surface silanol groups as cation exchangers was found to be low for most of those metal ions, especially in the pH-range of 1.0 -4.0, with the exception of Fe(III). Fe(III) has its highest mmol g -1 value at pH 4.0. This trend is mainly attributed to the affinity of Fe(III) binding selectively to oxygen donor atoms as previously reported. 6, 15 However, at higher pH values of 5.0 and 6.0, the process of metal binding to the surface of silica gel increased in general to give the maximum metal capacity values, excluding the case of iron because of its possible precipitation.
The immobilization of 4-aminoantipyrene on the surface of active silica gel producing the silica gel derivative phase ii was found to increase the metal capacity values for most of the examined metal ions, as listed in Table 1 . The donor atoms loaded on this phase are O and N, which are different from the N,N donor atoms loaded on the surface of phase ii. It can be easily seen that both phases ii and iii have the same general trends toward metal extraction when compared with phase i. However, the highest metal uptake of phase iii was observed for Cd(II), followed by Ni(II), Co(II), Fe(III) and Hg(II).
The effect of shaking time on the percentage extraction of metal ions by the interacting silica gel phase was found to be of great importance in order to find out a possible discrimination order among the various metals. 5 In this study, the effect of time factor was determined for three selected metal ions, viz. Fe(III), Cu(II) and Zn(II). The medium for copper and zinc was at pH 6.7, while for iron an acetate buffer adjusted to pH 3 with HCl was used. The results are illustrated in Fig. 1 . It is evident that the interaction, binding and extraction processes of Fe(III) and Zn(II) with the silica gel phase ii are faster than the processes for those metal ions with silica gel phase iii. In addition, both phases ii and iii were found to be slow in the extraction process of Cu(II) in comparison with Fe(III) and Zn(II).
The selectivity incorporated into the newly synthesized silica gel phases ii and iii via the immobilization of 4-aminoantipyrene can also be studied, evaluated and interpreted on the basis of the distribution coefficient values determined for all metal ions and the two phases. The values of the distribution coefficient are compiled in Table 2 . Several points can be drawn and outlined from these data; first, the distribution coefficient values for phase ii are higher than the corresponding values of phase iii. This trend may be attributed to the higher surface coverage values of phase ii in comparison with those of phase iii. Second, the log Kd values determined for the two silica gel phases were found to exhibit good discrimination order for all metal ions. Third, there are some basic differences between the values of log Kd and the mmol g -1 concerning the selectivity incorporated in these two modified silica gel phases ii and iii. This is mainly because of the difference in shaking time used in the two procedures 
Application of silica gel phases immobilizing 4-aminoantipyrene (ii and iii) for heavy metal ions removal from drinking tap water
The highest values for the extraction of metal ions by silica gel phases ii and iii, as evaluated from the distribution coefficients, are those of Pb(II), Hg(II), Cd(II), Zn(II) and Cu(II). These metal ions were spiked with ≈1.000 µg ml -1 in two drinking tap water samples (one liter each) and were extracted by the modified silica gel phases ii and iii. Although Fe(III) was found to be highly extracted, it was excluded from this study because of the possible formation of hydrated Fe(III) oxide, especially at the high pH value 15 of drinking tap water. The results of this study are compiled in Table 3 , showing an overall mean of 96 ± 2% extraction for all tested metal ions. These results indicate a good match with the results determined by the distribution coefficients and provide a good confirmation for the selectivity incorporated into these newly synthesized silica gel phases as well.
On the other hand, the preconcentration levels (50 ng ml -1 ) of the same metal ions were also studied in order to confirm the preconcentration character incorporated into silica gel by immobilization of 4-aminoantipyrene. The results of this study are shown in Table  4 , denoting clearly the excellent capability of these two silica gel phases for removal and preconcentration of the examined heavy metal ions from alkali and alkaline earth metals present at high concentrations in tap water. A preconcentration factor of 100 was accomplished in this study and this can be increased to 500 by lowering the volume of nitric acid used to 2.00 ml instead of 10.00 ml. The overall mean percentage recovery of the tested metal ions was found to be 96 ± 1%; however, the precision of the percentage recovery for each metal ion given in Tables 3 and 4 varies from ±3 to 6% based on triplicate analyses. Table 2 log Kd values determined from 1.00 µg ml -1 metal solution by the modified silica gel phases ii and iii log Kd Metal ion
Phase ii Phase iii Fig. 1 Effect of shaking time on the percentage extraction of some selected metal ions by silica gel phases ii and iii.
Potentiometric determination of the surface coverage and stability constants of phase ii with H(I)
The potentiometric titration curve of silica gel-immobilized 4-aminoantipyrene (phase ii) is given in Fig. 2 . The intersection of the two titration curves in Fig. 2 corresponds to the pH of phase ii suspended in aqueous 0.1 M KCl stirred solution and is experimentally found to be 9.02 ± 0.06 (±0.09 at the 95% confidence level). The stability constant values (log β0,1,r; r = 1, 2) of H(I) and phase ii were determined in the pH range from 2 to 9 with the help of SuperQuad program 29 and are given in Table 5 . In the same computational run, the mmol of the reactive part of phase ii was refined to a constant value corresponding to a surface coverage of 0.323 ± 0.006 mmol g -1 (±0.02 mmol g -1 at 95% confidence) in accordance with the values given by other techniques described in the above sections. The synthesis of phase ii resulted in the replacement of the oxygen atom of 4-aminoantipyrene (AAP) with an additional nitrogen atom in the active site of the phase and consequently the possible determination of two pKa values for this phase (5.64 and 8.40) against one value for AAP molecule (4.44 at I = 0.5). 30 The value of 5.64 is assigned to the deprotonation of the amino nitrogen of phase ii and is higher by 1.2 log unit compared with that of AAP. This difference is most probably due to structure and charge variation in the vicinity of the -NH2 group of phase ii. The determination of a second pKa value corresponding to the deprotonation of the imino nitrogen in phase ii suggests that the active bonded iminopyrazolylamine moiety is on the exposed surface of the phase. This is in agreement with the large predicted linear distance calculated from bond lengths and bond angles between the imino nitrogen and the silicon atom (5.2 Å) through the relatively long propyl chain and obtained from molecular mechanics or PM3 quantum mechanical optimization. Furthermore, the higher basicity of phase ii (pH = 9.02) in comparison with AAP is attributed to the presence of an additional imino nitrogen (pKa = 8.40).
Potentiometric determination of stability constants and metal capacity of phase ii and Cu(II)
The titration curves of phase ii alone (curve 1) and in the presence of variable concentrations of Cu(II) (curves 2 to 5) are shown in Fig. 3 . Curves 2 and 3, corresponding to the molar ratios (1:1) and (1:2) Cu(II):L (L is the deprotonated form of phase ii), were obtained up to pH 5.5 and 5.8, respectively, due to an indication of precipitation noticed from the values of the potential reading, while curves 4 and 5 with molar ratios (1:3) and (1:4), respectively were conducted up to pH 6.4. The deviation of curves 2 to 5 relative to curve 1, in general, is an indication of a complex formation or simply of metal binding between Cu(II) and the iminopyrazolylamine moiety of phase ii.
The species determined from the titration curves of Cu(II) and phase ii are CuHL 3+ and CuL 2+ in the pH range from 2.7 to 6.4; their stability constants are given in Table 5 . From species distribution calculations at different pH values, CuHL 3+ species is found at pH 2.9, reaching a maximum concentration at pH 5.5, while CuL 2+ occurs in the pH region between 4.5 and 6.4. These calculations allow also the determination of metal capacity values (no interference of buffering acetate ions) and percentages extracted at different pH values and initial concentrations of Cu(II). Thus, at pH = 5.5 and Cu(II) initial concentrations of 78, 39, 25 and 20 mg l -1 , the metal capacities were 0.17, 0.10, 0.070 and 0.056 mmol g -1 corresponding to percentage Cu(II) extraction of 52, 63, 66 and 67%, respectively, using 0.1500 g of the solid phase. At pH = 6.0 and initial Cu(II) concentrations of 25 and 20 mg l -1 , the metal capacities were 0.086 and 0.071 mmol g -1 , corresponding to 82 and 84% extraction, respectively. At pH = 6.4 and 20 mg l -1 Cu(II) initial concentration, the metal capacity was 0.076 mmol g -1 , corresponding to 90% extraction. The calculated log Kd of Cu(II) and phase ii is 5.2, determined from the stability constant data in Table 5 , and in good agreement with the value of the batch technique given in The stability constant values of Cu(II) and AAP (log β1,q,0; q = 1, 2, 3) determined at I = 0.5, 25˚C are, in order of increasing q, 2.46, 4.39 and 5.79, corresponding to the species Cu(AAP), Cu(AAP)2 and Cu(AAP)3, respectively. From the structure and log β1,q,0 values, AAP seems to act as a monodentate ligand for Cu(II) through the amino nitrogen. To investigate the mode of binding of phase ii and Cu(II) for the species CuHL, the logarithm of the ratios of protonation constant to formation constant are compared. Thus log(K HL -NH2 /KCuL) = 4.44 -2.46 = 1.98 and log(K H 2 L -NH2 /KCuHL) = 5.64 -3.67 = 1.97, which shows that the binding and reaction sites is similar in both cases, i.e., binding through the amino nitrogen in CuHL. The stability constant of CuL (log β1,1,0 = 5.79) is greater than the values of both Cu(AAP) (log β1,1,0 = 2.46) and Cu(AAP)2 (log β1,2,0 = 4.39) indicating the possible involvement of the imino nitrogen in the iminopyrazolylamine moiety of phase ii in binding. As a result, a higher stability constant value for CuL is obtained. Formation of a planar chelate is expected and this was found from a molecular mechanics or PM3 simulation.
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